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ABSTRACT OF THESIS
COMPUTATIONAL IDENTIFICATION AND MOLECULAR VERIFICATION OF 
MIRNA IN EASTERN SUBTTERANEAN TERMITES (RETICULITERMES 
FLAVIPES)
Reticulitermes flavipes is one of the most common termite species in the world,
and has been an intriguing research model due to its ecological and biological and
economic significance. The fundamental biological question addressed by this study is to 
elucidate the role of miRNAs in termite development and how miRNA can influence
labor division. miRNAs are short non-coding RNAs that have an important role in gene 
regulation at post-transcriptional level, and can potentially be involved in the regulation 
of caste polyphenism. Using a computational approach, I identified 167 conserved and 33 
novel miRNAs in the data. miR-iab-4 and 19 other miRNAs showed highly differential 
expression between worker and soldier, and their possible roles in termite biology are 
discussed. To reliably quantify miRNA expression in experiments, I tested the stability of 
10 miRNAs as reference gene using quantitative real-time PCR. miR-8_3, bantam and 
miR-276a-3p are the most stable miRNAs in different castes, pre-soldier formation, and 
different tissues, respectively. Lastly, the predicted miRNA expression is verified by the 
qRT-PCR for 8 miRNAs. Overall, this study shows that miRNA plays a role in mediating
the work-soldier transition in R. flavipes.
KEYWORDS:  miRNA identification, bioinformatics, termite, miRNA verification,
miRNA reference gene selection
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?CHAPTER 1: LITERATURE REVIEW 
 
1.1 The Rise of microRNAs 
Non-coding RNAs (ncRNAs) are RNAs transcribed from genomic DNA but 
are not translated into proteins. For a long time, ncRNAs were widely regarded as 
"junk" RNAs which merely take an auxiliary role in protein functioning (Hüttenhofer, 
Schattner et al. 2005). In the last two decades, however, ncRNAs are gradually 
recognized as the key players at multiple regulatory levels and cellular processes, 
including chromatin modification, mRNA and protein synthesis, mRNA stability and 
localization, RNA processing, as well as post-translational RNA modification (Storz 
2002, Mattick and Makunin 2005). The flourishing discoveries of functional ncRNAs 
and RNA-directed gene regulation significantly modify and complicate the classical 
central dogma where DNA stores genetic information, protein exerts biological 
functions, while RNA act solely as an intermediate. Functional ncRNAs can be 
categorized into ribozymes, small nuclear RNA (snRNAs), transfer RNAs (tRNAs), 
ribosomal RNAs (rRNAs), endogenous small interfering RNAs (siRNAs), and 
riboswitches (Mandal and Breaker 2004, Soukup and Soukup 2004). Most ncRNAs 
are relatively short in length, however ncRNAs with comparable length to 
protein-coding RNAs do exist, such as the meiRNA that controls meiosis in yeast and 
the mouse air RNA required for gene imprinting (Yamashita, Watanabe et al. 1998, 
Sleutels, Zwart et al. 2002). These long ncRNAs can be spliced, polyadenylated and 5’ 
capped just like mRNAs, except that they only contain short open reading frames 
(ORFs) (Erdmann, Szymanski et al. 2000). There are many more yet-to-be discovered 
ncRNAs that may comprise a hidden layer of internal cellular signaling.  
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?One of the most investigated ncRNAs is the microRNA (miRNA). miRNAs 
are endogenously expressed in the cell with length of approximately 20-25 
nucleotides (nt). The main function of miRNAs is to regulate of gene expression at 
the post-transcriptional level, and therefore adding a new layer of control to the 
complex pathways that exists in cells. For humans in particular, it is predicted  that 
miRNAs regulate approximately 30% of the protein-coding genome (Filipowicz, 
Bhattacharyya et al. 2008). Two decades ago, the existence and importance of 
miRNAs was completely unknown. Finally in 1993, the very first miRNAs : lin-4 and 
let-7 was discovered in the nematode Caenorhabditis elegans (Lee, Feinbaum et al. 
1993, Bartel 2004). Since then, thousands microRNA genes have been discovered in 
diverse organisms including vertebrates, plants, arthropods and viruses, and the 
number is still increasing. It is estimated that miRNAs may account for around 2-3 % 
of all genes (Kim and Nam 2006). miRBase (www.mirbase.org) is the database to 
curate the huge amount of miRNAs identified using either molecular cloning methods 
or computational approaches (Kozomara and Griffiths-Jones 2011). 
 
1.2 The Early Discoveries in miRNA Research: lin-4 and let-7
lin-4 gene takes an important role in temporal development and is required for 
the transition between the first and second larval stages in C. elegans (Chalfie, 
Horvitz et al. 1981, Lee, Feinbaum et al. 2004). However, what makes lin-4 special is 
that no conventional start and stop codons can be located in the in the 700bp fragment 
that was believed to contain this gene. Furthermore, researchers successfully reversed 
the effect of lin-4 null mutation by suppressing the activity of another gene, lin-14 
(Ferguson, Sternberg et al. 1987, Lee, Feinbaum et al. 2004).  These evidence led to 
2
?the assumption that lin-4 could negatively regulate lin-14 without encoding a protein. 
More extensive research revealed that lin-14 was down-regulated at the 
post-transcriptional level, and a repeated part of its 3’ untranslated region (3’-UTR) 
was complementary to lin-4 transcripts (Lee, Feinbaum et al. 1993, Wightman, Ha et 
al. 1993, Lee, Feinbaum et al. 2004). Finally in 1993, research groups led by Ambros 
and Ruvkun published these findings on Cell, and marked the discovery of a 
brand-new cellular mechanism involving non-coding RNA transcripts (Lee, Feinbaum 
et al. 1993, Wightman, Ha et al. 1993, Lee, Feinbaum et al. 2004). 
In 2000, the second miRNA, let-7, was identified by the Ruvkun group, again 
in C. elegans. let-7 gene controls the developmental transition from fourth larval stage 
to the adult stage, whereas the loss-of-function mutation results in the reappearance of 
larval cell fates in the adult stage (Reinhart, Slack et al. 2000). Similar to the 
discovery of lin-4, let-7 transcript was found to be complementary to two closely 
spaced sites in the 3’-UTR of lin-41, a gene down-regulated by let-7 (Reinhart, Slack 
et al. 2000). Follow-up experiments showed that the down-regulation required the 
integrity of both let-7 and the 3’-UTP region of lin-41, as deletion or mutation on 
either parties could eliminate this regulatory effect (Reinhart, Slack et al. 2000). In 
contrast to lin-4, the sequence of let-7 and its function to control late temporal 
developmental transitions is highly conserved across animal species, including 
vertebrates, ascidians, hemichordates, molluscs, annelids and arthropods (Pasquinelli, 
Reinhart et al. 2000). For this reason, the discovery of let-7 greatly motivated the 
research community to explore this new class of non-coding RNA, which has been 
given the name miRNA ever since. 
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?1.3 The Genomics of miRNA 
miRNA studies are most concentrated on model organisms such as human, 
mouse, and fruit fly, therefore Drosophila melanogaster serves as a great example to 
understand the genomics of miRNA. miRNA genes are typically dispersed all over 
the genome and are arranged in clusters. In Drosophila, the miRNAs genes are 
scattered on X, second and third chromosomes, with only one exception on the Y 
chromosome (Aravin, Lagos-Quintana et al. 2003). Similar organization is also seen 
in human genome as well. A miRNA cluster is a group of miRNAs with related 
sequences, which are often located closely to each other as well. The largest miRNA 
cluster in Drosophila is the mir-3 cluster, which contains 8 miRNA genes in the 
vicinity of one genomic location. Such clusters are believed to have originated from 
miRNA gene duplication during evolution. However this is not without exceptions, as 
unrelated miRNA genes can be found in the same cluster and related genes may be 
located in different genomic loci. For instance, mir-125 and let-7 genes have 
essentially unrelated sequences, but they are located closely on D. melanogaster 
genome.  Another exception is the mir-2 gene family, where 8 related miRNA genes 
are located in 4 different loci. Because of these exceptions, it is hypothesized that 
miRNAs in the same cluster may perform similar or related functions (Aravin, 
Lagos-Quintana et al. 2003).  
On the other hand, it is also observed that miRNAs are located in intergenic 
regions as well as in the introns of protein coding genes. However, a miRNA gene can 
be located within the protein-coding transcription unit itself. In a 2004 study by 
Rodriguez et al., it was found that 161 out of 232 mammalian miRNA genes were 
located within RNA transcripts. Ninety of the 161 transcripts are protein-coding 
mRNAs, whereas the rest are ncRNAs. Furthermore, 27 miRNA genes were found in 
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?the introns of ncRNA transcripts, while the rest are located in the exons (Rodriguez, 
Griffiths-Jones et al. 2004). Therefore, it is highly likely that many miRNA genes can 
be found from the EST database.  
It is worth noting that most experimentally verified miRNAs are conserved 
within closely related species, such as C. elegans and C. briggsae. To some extent, 
miRNAs are also conserved for more distantly related species. For instance, the 
orthologs of let-7 gene has been found in human, C. elegans, Drosophila and many 
more organisms, although the number of orthologs can vary significantly (Pasquinelli, 
Reinhart et al. 2000, Aravin, Lagos-Quintana et al. 2003, Lim, Lau et al. 2003). 
Computational identification methods take advantage of the phylogenetic 
conservation of miRNA genes, and reveal miRNA homologs among different species 
by simple homology searches.  
 
1.4 miRNA Biogenesis and miRNA-mediated Gene Regulation 
The biogenesis of miRNA begins from the transcription of miRNA genes into 
long primary miRNA (pri-miRNA) by RNA polymerase II (Figure 1.1). Unlike Pol I 
or Pol III which constitutively express transcripts, Pol II transcription can be regulated 
by upstream cis regulatory elements as well as trans acting transcription factors 
(O'Donnell, Wentzel et al. 2005). Similar to mRNA, pri-miRNA are also 5’ capped 
and polyadenylated (Bracht, Hunter et al. 2004). Once transcribed, the pri-miRNA 
folds into a stem-loop structure that is recognized and processed by the RNase III-like 
Drosha protein. Drosha contains an RNase III domain and a double strand RNA 
binding domain which are critical to miRNA processing (Han, Lee et al. 2004). 
Drosha recognizes pri-RNA by its tertiary structure, and cleaved the pri-RNA at 
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?exactly two helical turns from the terminal loop (Zeng, Yi et al. 2005). The resulted 
precursor miRNA (pre-miRNA) has a length around 60-70 nucleotides. Alternatively 
in Drosophila, pre-miRNAs can also be generated from the so-called mirtron hairpins 
via intron splicing mechanism (Okamura, Hagen et al. 2007). The pre-miRNAs are 
exported into the cytoplasm by exportin-5, where they are processed into 
miRNA/miRNA* duplexes by the cytoplasmic Dicer enzyme. Therefore, the two ends 
of mature miRNA are determined by Drosha and Dicer cleavages, respectively. The 
duplex is then incorporated into miRISC (miRNA containing RNA-induced silencing 
complex) and converted to two single strand RNAs. In this process, one strand is 
stabilized by the Argonaute (Ago) proteins in the protein complex, while the other 
strand rapidly degrades (Zhang, Pan et al. 2007).  By definition, the stabilized strand 
is named mature miRNA, and the other strand miRNA*. In some cases, miRNA* may 
also exert regulatory functions, as observed in Drosophila (Okamura, Phillips et al. 
2008). 
Studies in siRNA showed that Argonaute proteins in RISC contains a RNA 
binding PAZ domain, as well as PIWI protein domain (Lingel and Sattler 2005). 
RISC can mediate the expression of mRNA that is complementary to the incorporated 
siRNA through direct mRNA cleavage or translational repression. The case for 
miRNA-mediated gene regulation is more complex, in terms of sequence 
complementarity, binding positions as well as the outcome of gene regulation. In 
plants, miRNA sequences are perfect complements to their target sequences, while in 
animals the base-pairing is imperfect with several mismatches (Bartel 2009, Naqvi, 
Sarwat et al. 2012). The 2-8 positions in animal miRNA has been shown to have the 
highest complementarity with mRNAs, and therefore are often named the “seed 
region” of miRNA (Lewis, Shih et al. 2003). It is generally believed that strict 
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?complementarity is required for animal miRNA-target binding, but with a few 
exceptions (Didiano and Hobert 2006). For mRNA, the miRNA binding sites are most 
commonly reside in the 3’ UTR region. However, recent research suggested that 
miRNA binding sites can also exist in the 5’ UTR and the open reading frame 
(Rigoutsos 2009). Furthermore, a single miRNA sometimes may target multiple 
mRNAs and multiple miRNAs target sites may reside in one mRNA (Brodersen and 
Voinnet 2009, Shin, Nam et al. 2010). Finally, gene silencing may not be the sole 
outcome of miRNA-target interaction. It has been reported that the a microRNA-like 
small RNA encoded by West Nile virus can up-regulates GATA4 mRNA expression 
in host to facilitate virus (Hussain, Torres et al. 2012).  
 
1.5 miRNA Functions in Insects 
In the past ten years, miRNA has been profiled for a variety of insects such as 
D. melanogaster (Aravin, Lagos-Quintana et al. 2003), Bombyx mori (Yu, Zhou et al. 
2008), Blattella germanica (Cristino, Tanaka et al. 2011), Apis mellifera (Behura and 
Whitfield 2010), Aedes aegypti (Behura, Gomez-Machorro et al. 2011), Aedes 
albopictus and Culex quinquefasciatus (Skalsky, Vanlandingham et al. 2010). Since 
the first miRNAs lin-4 and let-7 were discovered in C. elegans, which regulate timing 
of development (Lee, Feinbaum et al. 1993, Ambros 2011), increasing number of 
miRNAs have been found to regulate development process, host-pathogen interaction 
and immunity (Asgari 2013). By controlling temporal expression of genes associated 
cell fate commitment, miRNAs play an important in germ cell development, wing and 
muscle development, neurogenesis and apoptosis (Asgari 2013). In Drosophila, 
miR-184 is highly expressed in the germline cells and eggs, and regulates oogenesis as 
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?well as early embryogenesis at multiple levels. To maintain the germline stem cell, 
miR-184 down-regulates DPP receptor Saxophone; to establish egg chamber polarity, 
miR-184 suppresses gurken transport factor K10; and to ensure proper developmental 
timing and anterior-posterior patterning, miR-184 regulates the transcriptional 
repressor Tramtrack69. Loss of miRNAs, such as Bantam, let-7, and miR-9a can lead 
to defective wing imaginal discs and consequently reduced wing tissue (Caygill and 
Johnston 2008, Biryukova, Asmar et al. 2009, Becam, Rafel et al. 2011). 
Muscle-specific expression of miR-1 is important for muscle integrity during rapid 
growth, suppressing the expression of non-muscle genes in muscle tissues (Nguyen 
and Frasch 2006). miR-34 regulates aging and age-associated physiological condition, 
such as neurodegeneration. Overexpression of miR-34 in Drosophila leads to an 
elongated lifespan and less severe neurodegeneration. miR-34 exerts it function by 
repressing Eip74Ef, which is a transcription factor that regulates steroid hormone 
signaling (Liu, Landreh et al. 2012). In a screen for cell death suppressor, Xu et al 
identified that miR-14 and bantam are inhibitors of cell death (Xu, Guo et al. 2004).  
In addition to abovementioned miRNAs that were discovered by forward 
genetics, computational tools were employed to identify targets of Drosophila 
miRNAs and to predict their functions (Stark, Brennecke et al. 2003, Enright, John et 
al. 2004). In the study of Stark et al., they found that some miRNAs target 
functionally associated gene cluster, such as miR-7 targeting Notch signaling, miR-2 
targeting pro-appoptotic genes and miR-277 for metabolic pathways (Stark, 
Brennecke et al. 2003). As more and more genomes of insects being sequenced, 
computational prediction of miRNA function will become more and more effective.  
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?1.6 Overall Goals and Objectives 
The overall goals of my project were to identify known and novel miRNAs in 
R. flavipes, as well as to predict candidate miRNAs that contribute to the 
worker-soldier transition. To investigate the post-transcriptional regulation of caste 
polyphenism, we are pursuing the following specific objectives: 
I. Establish a comprehensive miRNA profile by characterizing known and 
novel miRNAs from small RNA sequencing data. 
II. Gain more understanding on the role of miRNAs in regulating 
worker-soldier transition by quantifying and contrasting miRNA 
expression levels in worker and soldier castes. 
III. Test the stability of several non-coding RNAs as reference genes to assist 
future miRNA quantification via quantitative real-time PCR (qRT-PCR). 
IV. Verify the accuracy of computationally derived miRNA expression levels 
using qRT-PCR. 
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?Figures 
 
Figure 1.1: Mechanism of miRNA biogenesis. A miRNA gene is transcribed by 
Pol-II into pri-miRNA, and then processed by Drosha into pre-miRNA. After 
transported to cytoplasm by Exportin-5, the pre-miRNA is processed into 
miRNA/miRNA* duplex by Dicer. The mature miRNA strand is incorporated into 
miRISC to exert gene regulation effects. 
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?CHAPTER 2: COMPUTATIONAL IDENTIFICATION OF MIRNAS 
2.1 Introduction 
The lower termite genus Reticulitermes are the most common termites in the 
United States and Europe, which have extremely important economic and ecological 
roles (Scharf, Wu-Scharf et al. 2003). Furthermore, the lower termites are one of the 
most ancient lineages of social insects. Their eusociality evolved independently from 
the eusocial Hymenoptera, and involves a unique caste-differentiation process. 
(Thorne 1997, Abe, Bignell et al. 2000). Caste differentiation and development in 
termites has been studied extensively at the organismal level, however little is known 
about the molecular mechanisms that underlie termite differentiation and development. 
Similar to the case of honey bees and other social insects, it is postulated that termite 
polyphenism and associated developmental processes occur via differential gene 
expression (Evans and Wheeler 1999, Miura 2001).  
Insects typically have a short life cycle and a high reproduction rate, making it 
an excellent model for miRNA studies. Previous studies have shown that miRNA has 
an essential role in post-transcriptional regulation in a wide range insect species, 
including the fruit fly, mosquitoes, the honey bee, the silkworm, etc (Behura 2007). It 
is highly possible that miRNA has a similar role in tuning gene expression in R. 
flavipes, and potentially contributes to caste and developmental changes. Regardless, 
little effort has been made to characterize miRNA in R. flavipes, and the linkage 
between miRNA and termite development regulation has yet to be investigated. Being 
the first miRNA study directed at the non-model insect R. flavipes, my primary 
objective was to construct a computational pipeline to profile known and novel 
miRNAs from small RNA sequencing data (Figure 2.1). Secondly, by quantifying and 
11
?contrasting miRNA expression level between worker and soldier caste of R. flavipes, I 
aim to gain more understanding on the role of miRNAs in regulating developmental 
process, especially those involved in the caste transition process.  
 
2.2 Materials and Methods 
2.2.1 Insect Preparation 
The Reticulitermes flavipes colonies were collected from the University of 
Kentucky Arboretum (Lexington, KY, USA). All termites were reared in darkness at 
24°C and 70 ± 5% relative humidity in the laboratory for more than 6 months. 
Workers and soldiers were readily available from the colonies.   
2.2.2 Construction and Sequencing of Small RNA library 
Worker and soldier termite samples were extracted using mirVana miRNA 
isolation Kit (Ambion, Cat# AM1560), following the exact protocol provided by 
reagent producer. Total RNA was subjected to gel electrophoresis on 15% denaturing 
acrylamide gel and small RNAs were enriched by retrieving the gel slice between 
18nt and 30nt bands based on specially made RNA ladder. Purified small RNAs were 
first ligated with a 3’ modified RNA adaptor (24nt) by using Truncated T4 RNA 
Ligase 2 (200 units/?l, NEB, M0242L) followed by a gel run to purify ligation 
product. Subsequently, two distinctive 5’ adaptors (26nt) were ligated for barcoding 
Cry1Ab-resistant and susceptible strain samples by T4 RNA Ligase. Reverse 
transcription was performed using the Superscript III reverse transcriptase (Invitrogen, 
Cat# 18080-093) following the product protocol, and the products were used as 
template for small RNA library construction via PuReTaq Ready-To-Go™ PCR Bead 
(GE Healthcare, Cat# 27-9558-01).The library was further purified by running PCR 
12
?product at 2% NuSieve®GTG® agarose gel (Lonza) and excising the band with 
appropriate length. Finally, purified PCR product was inserted into the pGMT vector 
and transferred to the E.coli competent cell for expression validation. After 
confirming that 90% of products passed validation, the small RNA library of worker 
and soldier samples were combined and sequenced by the Deep Sequencing Core in 
University of Massachusetts using Illumina sequencing technology. 
2.2.3 Pipeline Overview 
The computational pipeline used in this study incorporates in-house Perl and R 
scripts as well as a number of existing bioinformatics tools that are freely available 
online. Raw deep sequencing data in FASTQ format first undergoes pre-processing 
before subjected to down-stream analysis. Pre-processing tasks include removing 
artificial sequences, filtering low quality reads, sample division, and collapsing 
identical reads. Processed reads are converted to FASTA format, and are aligned to 
Rfam (www.sanger.ac.uk/Software/Rfam/ftp.shtml) (Griffiths-Jones, Bateman et al. 
2003), a comprehensive database for RNA families.  Blastn was used to annotate 
ncRNAs from the dataset. An in-house Perl script was used to remove irrelevant 
ncRNAs existed in the dataset.  
Remaining reads are subsequently aligned to conserved pre-miRNAs recorded 
in miRBase (www.miRBase.org/) (Griffiths-Jones 2006) via Bowtie 2 read alignment 
software (bowtie-bio.sourceforge.net/bowtie2/index.shtml) (Langmead and Salzberg 
2012). In the typical case where multiple reads are aligned to approximately the same 
position on the reference pre-miRNA, an in-house Perl script took the alignment 
result as input, and output a consensus sequence and copy number for the identified 
conserved miRNA, in tab delimited format. The copy numbers are further normalized 
13
?in qualitative analysis to produce an expression profile for conserved miRNAs. For 
reads not aligned to any reference pre-miRNAs, they are subject to the search for 
novo miRNA using miRDeep2 software 
(www.mdc-berlin.de/8551903/en/research/research_teams/systems_biology_of_gene_
regulatory_elements/projects/miRDeep) (Mackowiak 2011).  
2.2.4 Processing of Small RNA Sequencing Data  
Raw sequencing data was first processed by an in-house Perl script which 
consists of several quality filters. A raw sequencing read is deleted if any of the first 
25 bases in the read is given a Phred quality score lower than 20. The program also 
screens out reads with non-canonical characters (base characters other than ATGC) 
and simple nucleotide repeats. The dataset was divided into worker and soldier 
subsets by recognizing the distinctive 5’-adaptors, and the reads without intact 
5’-adaptors were discarded. Intact or incomplete 3’-adaptors were recognized and 
trimmed off from the reads to prevent adaptor interference. As miRNAs are typically 
around 22nt in length, reads with length less than 18 nt are unlikely to be legitimate 
miRNAs and were therefore abandoned. Finally, to reduce the workload of 
downstream analysis, repetitive sequences were collapsed into unique FASTA entries 
that record the copy numbers in the sequence identifiers. The unique reads in the 
worker and soldier datasets were mapped against Rfam Database v11.0 (Gardner, 
Daub et al. 2009) via Blastn v. 2.2.28 (e-value < 1e-5, blastn-short mode). Sequences 
mapped to known mitochondrial RNAs, snRNAs, tRNAs and rRNAs were screened 
out and omitted. The remaining “clean” reads were subjected to the detection of 
conserved and novel miRNAs in R. flavipes. The Perl script used to screen irrelevant 
RNAs can be reviewed in the appendix. 
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?2.2.5 Detection of Conserved miRNAs in R. flavipes
The current version of miRBase (v18) does not contain any termite miRNA 
records. Thus, we mapped the “clean” reads from sequencing data with a reference 
insect miRNA database to detect evolutionarily conserved miRNAs in R. flavipes. 
The reference database included D. melanogaster, A. aegypti, A. mellifera, B. mori, 
and T. castaneum miRNAs from the miRBase. Similarity search was done by Bowtie 
2 v. 2.2.0 (Langmead, Trapnell et al. 2009) with parameters configured to allow only 
one mismatch. Reads mapped to a specific mature miRNA in the reference database 
were clustered and aligned to the appropriate position on the corresponding 
pre-miRNA. An in-house Perl script was used to construct a consensus sequence for 
each cluster. For each aligned position, a consensus base was determined as the most 
frequent base to appear in the cluster with respect to the copy number of each read. 
Terminal positions of the consensus sequences were determined as the first and last 
positions occupied by the 90% of reads in cluster, and the bases out of this range were 
excluded. Finally the consensus sequences were identified as R. flavipes orthologs of 
the mature miRNAs in the insect reference database. miRNAs conserved to more than 
one species with identical sequences are merged under a unified identifier. In the 
cases where the conserved miRNA were not identical between species, an additional 
number will be assigned to differentiate each sequences. The Perl script used to 
generate consensus sequences and calculate their copy number can be reviewed in the 
appendix. The reads used to identify conserved miRNAs were removed from the 
dataset, and the remaining unmapped reads were scanned for novel miRNAs in R. 
flavipes. 
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?2.2.6 Detection of Novel miRNAs in R. flavipes  
According to the biogenesis features of miRNA, characteristic hairpin 
structures in genome that resemble pre-miRNAs can be used to detect novel miRNAs 
which cannot be categorized to any existing miRNA families in miRBase. The 
software miRDeep2 was used to identify potential miRNAs by examining the folding 
structures of candidate pre-miRNA sequences excised from reference genomic 
sequences (Friedländer, Mackowiak et al. 2012). As the complete R. flavipes genome 
is not yet available, I used previously constructed EST library as the reference for 
novel miRNA prediction. All remaining reads were first mapped to the EST database 
using Bowtie 2 allowing no more than one mismatch. For each mapped EST sequence, 
flanking region of around 100bp was excised as candidate pre-miRNA. The main 
criteria for candidate sequences to be considered as potent pre-miRNAs are that (i) 
candidates have unbifurcated hairpin structure; (ii) candidates can be divided into 
mature, loop and star segments based on the reads mapping positions; (iii) at least 60% 
of nucleotides in the mature segment are base-paired. Minimum free energy (MFE) 
for each candidate pre-miRNA was calculated by RNAfold from the Vienna Package 
(Hofacker, Fontana et al. 1994) with default options. To obtain the folding 
significance of the candidate pre-miRNA, 100 random sequences permutated from 
each candidate were folded by RNAfold. The p-value for each candidate was 
calculated as the percentage of random sequences that have equal or lower MFE than 
the candidate sequence. Only candidate pre-miRNAs with p-value less than 0.05 were 
retained. The mature miRNA sequences were determined by the previous in-house 
Perl script. Sequences mapped to conserved R. flavipes miRNAs were marked and 
sequences that could not be aligned were considered novel miRNAs. 
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?2.2.7 Comparison of miRNA Expression Profile  
To make comparable profiles, we first normalized the expression level of 
miRNAs presented in both worker and soldier samples. Normalized expression NX of 
miRNA X is calculated as NX = A/T*1,000,000. A stands for the number of reads 
aligned to miRNA and T stands for the total count of “clean” reads. By convention, 
normalized expression is multiplied by 1, 000,000 to gain the number of transcript per 
million (TPM). miRNAs having normalized expression level less than one in worker 
or soldier samples were neglected for the accuracy in calculating fold-change values. 
Fold change ?FX of miRNA X is calculated as ?FX = log2(NXS / NXW). NXS is the 
normalized expression level of miRNA X in the soldier dataset, whereas NXW is the 
normalized expression level of miRNA X in the worker dataset. A scatter plot 
portraying the miRNAs with normalized expression level more than one in both 
samples were generated using R language. The R-script used to generate this scatter 
plot can be reviewed in the appendix. 
 
2.3 Results 
2.3.1 Sequencing Analysis of R. flavipes Small RNA Library  
Using Illumina sequencing technology, we gained a total of 8,370,484 raw 
sequencing reads from the worker and soldier caste of R. flavipes small RNA library. 
The removal of adapters, simple repeats, short reads and other low-quality reads from 
the dataset resulted in 4,789,596 “clean” reads (1,581,891 unique reads) from the 
worker caste and 1,388,532 “clean” reads (694,266 unique reads) from the soldier 
caste. In both strains, the length distribution of “clean” reads shows a significant peak 
around 21-23nt, indicating the enrichment of reads at the typical length of miRNAs 
17
?(Figure 2.2). The enriched proportion accounts for 48.5% and 58.3% of all “clean” 
reads in worker and soldier caste, respectively, which conforms to the standard size of 
miRNAs in the small RNA library. A small portion of reads are concentrated around 
28-29nt, probably due to the presence of PIWI-interacting RNAs (piRNAs) in the 
library. In many organisms, piRNAs are discovered as a new class of epigenetic 
modifiers that can suppress sequence-specific transposable elements (Khurana and 
Theurkauf 2010). Their biogenesis is relatively unknown and completely different 
from that of miRNAs (Klattenhoff and Theurkauf 2008).  
Sequence similarity analysis against Rfam database was used to identify the 
reads corresponding to rRNAs, tRNAs, snoRNAs and other non-coding RNAs 
(ncRNAs). All identified ncRNA other than miRNA constitute 8.8% and 6.8% of all 
“clean” reads in the worker and soldier caste, respectively (Figure 2.3). In the 
subsequent miRNA detection analysis, conserved and novel miRNAs combined make 
up 28.6% of all “clean” reads from the worker caste and 51.1% from the soldier caste. 
A major part of the “clean” reads (62.6% and 42.1%, respectively) falls into the 
unannotated category. This portion of “clean” reads probably consists of partially 
degraded mRNAs and piRNAs. 
2.3.2 Identification of Conserved miRNAs and novel miRNAs  
Overall, 167 conserved miRNAs were identified from R. flavipes small RNA 
library (Table 2.1). For each miRNA, we determined a consensus sequence based on 
the dominant base at each position due to its relatively high expression level. miRNAs 
within the same miRNA family can have analogous counterparts from different 
species, which are distinguished by additional numbers behind the underscore, such as 
rfl-bantam (analogous to aga-bantam) and rfl-bantam_1 (analogous to ame-bantam). 
miR-276a-3p (268,409 copies) and miR-8-3p (158,528 copies) are, respectively, the 
18
?most abundant in the soldier and worker miRNA libraries. Many of the highly 
expressed miRNAs are found in both castes. For example, five out of ten most 
abundant miRNAs shared by both libraries (Table 2.2). These miRNAs were also 
shown to have high expression levels in small RNA libraries of other insects. For 
example, miR-1 was a highly conserved miRNA which was reported to be abundant in 
expression for Bombyx mori, Blattella germanica and Apis mellifera (Cai, Yu et al. 
2010, Cristino, Tanaka et al. 2011, Liu, Peng et al. 2012). On the other hand, we also 
observed significant difference in expression for a number of miRNAs between 
worker and soldier castes. For the 167 conserved miRNAs identified, 84 of them 
showed a significant up-regulation while 9 miRNAs showed down-regulation in 
soldier caste compared to worker caste (Figure 2.4). Among the miRNAs 
up-regulated in solder, miR-932 showed the highest expression increase of 5.67 fold 
difference on log2 scale. Among the down-regulated miRNAs, miR-6497-5p with a 
-6.86 fold difference on log2 scale has the most dramatic decrease in expression level 
(Table 2.3, Figure 2.5). 
To computationally evaluate the validity of the conserved miRNAs, they were 
aligned back to the reference database using bowtie 2. This reference database 
includes mature miRNAs from D. melanogaster, A. aegypti, A. mellifera, B. mori, and 
T. castaneum. miRNAs with putative ortholog existing in the above five species were 
marked with “+”. More orthologs that a miRNA has, more conserved the miRNA is 
among insect species, and therefore more likely it is to be truly existing in termites. 
As a result, we were able to find at least one ortholog for every conserved miRNAs 
identified, which increased their validity. Furthermore, pairwise alignment of two 
pre-miRNA sequences (miR-283, miR-277) found in R. flavipes EST database with 
orthologs in other species exhibited a high level of identity at mature miRNA region, 
19
?but low similarity in loop areas and miRNA* region (Figure 2.6). These results show 
that mature miRNAs are highly conserved among related species, and thus their 
genomes can be used to predict the existence of miRNA precursors. 
In addition to the conserved miRNAs, we also predicted the existence of novel 
miRNA candidates from the remaining reads of R. flavipes small RNA library using 
miRDeep2 prediction software. The R. flavipes EST database was used as reference 
genome, and a total of 33 novel miRNAs were successfully predicted (Table 2.4). The 
predicted precursor structures for novel-17 and novel-22 each appears to have an 
unbifurcated hairpin structure, low folding energy and miRNA-miRNA* duplex with 
3’ overhangs, which conform to the typical characteristics of miRNA precursors 
(Figure 2.7). The copy numbers for novel miRNAs are generally lower than that of 
the conserved miRNAs, which is consistent with previous studies (Guo, Tao et al. 
2013). All novel miRNAs were cross-checked with miRBase database and no 
homologous pair was found, indicating that the newly identified miRNAs are 
relatively specific to termites. 
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?2.4 Discussion 
 Many conserved miRNAs identified in this project have also been studied in 
Drosophila and other insects, where their function has been revealed. In this section, I 
attempt to account for the similarities and differences in miRNA expression level 
between worker and soldier, and understand the role of miRNAs in termite biology 
and development: 
2.4.1 miR-8-3p  
According to our dataset, this miRNA is the most highly expressed miRNA in 
workers and the third most highly expressed in soldiers. Studies in Drosophila 
revealed that miR-8 is involved in neurogenesis by targeting atrophin mRNAs. Null 
mutation of miR-8 can result in neurodegeneration and other developmental defects, 
and ultimately a shorter life-span (Karres, Hilgers et al. 2007).  Another function of 
miR-8 is to maintain the homostasis of insect innate immunity. It is shown that miR-8 
negatively regulates anti-microbial peptides to ensure their low expression under 
normal conditions (Choi and Hyun 2012). The importance of miR-8 in neurogenesis 
and immunity explains the high abundance of this miRNA in both soldier and worker. 
In addition, the star sequence, miR-8-5p, is down-regulated in soldier with a -1.72 fold 
decrease in expression. miR-8-5p is not known to bear any clearly defined functions, 
and its expression is very low in both castes. Due to the fact that star miRNAs are 
susceptible to degradation, this fold change may not represent any real biological 
meaning.  
2.4.2 miR-1-3p  
This miRNAs is the second and seventh most abundant miRNAs in soldiers 
and workers, respectively. miR-1 is highly conserved across animal species, and has a 
21
?role in maintaining muscle integrity (Chawla and Sokol 2011). In particular, miR-1 is 
shown to affect heart function in Drosophila, by regulating GTPase Cdc42 which is 
important in maintaining myofibrillar architecture in heart (Qian, Wythe et al. 2011). 
Muscle and heart integrity is essential to the survival for all termite castes, which 
explains the high and similar abundance of miR-1-3p in both workers and soldiers.   
2.4.3 bantam-3p  
While this miRNA again is high expressed in both castes, its star sequence, 
bantam-5p, shows a 1.08 fold decrease on log2 scale in expression in soldiers. One 
known function of bantam is involved in germ cell development. In female 
Drosophila, bantam is discovered to interact with dFmr1 protein to repress germ-line 
stem cells (GSC) differentiation  (Yang, Xu et al. 2009). In termites, soldiers and 
workers are non-reproductive castes. High expression level of bantam indicates that 
reproductive capabilities are constrained in worker and soldier, which aligns very well 
with the termite biology. Therefore, we suspect that bantam takes a role in repressing 
GSC differentiation in termites, similar to which shown in Drosophila. 
2.4.4 miR-iab-4-5p  
This gene is one of the 84 miRNAs that is up-regulated in soldiers, where the 
expression level of miR-iab-4-5p is 5.43 folds higher than that in workers. In 
Drosophila, miR-iab-4 is shown to target Ultrabithorax (Ubx) gene, and repression of 
Ubx leads to homeotic transformation of halteres to wings (Ronshaugen, Biemar et al. 
2005). In termites, the transformation from workers to soldiers is homeotic in nature, 
and previous EST database annotation also confirms the existence of Ubx gene in 
termites. As a member of the homeobox gene family, Ubx is shown to target hundreds 
of genes at different stages of morphogenesis (Pavlopoulos and Akam 2011). It is 
possible that miR-iab-4 may still target Ubx gene in termites, however, Ubx may have 
22
?a role different from wing development in termites, such as the worker-soldier 
transition. 
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?Figures 
 
Figure 2.1: Computational pipeline for conserved and novel miRNA 
identification. In house Perl scripts are used to filter bad reads and remove adapters 
from raw sequencing data. Clean reads are aligned to Rfam database to remove 
irrelevant ncRNAs, and then mapped to existing miRNAs in miRBase to identify the 
conserved miRNAs. In-house Perl scripts are used to generate consensus miRNA 
sequences and compute normalized expression levels.  The rest of the reads are used 
to identify putative novel miRNAs using miRDeep2 software. 
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Figure 2.2: Length distribution of small RNA sequencing dataset in R. flavipes 
worker and soldier castes. Reads are highly concentrated around 21-23nt, which is 
the signature length for miRNAs. A small portion of reads are concentrated around 
28-29nt possibly due to the presence of PIWI-interacting RNAs (piRNAs). 
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Figure 2.3: Composition of small RNA sequencing dataset in R. flavipes worker 
and soldier castes. Non-miRNA ncRNAs constitute 8.8% and 6.8% of all “clean” 
reads in the worker and soldier caste, respectively. miRNAs make up 28.6% and 51.1% 
of all “clean” reads in the worker and soldier caste, respectively. The rest of the reads 
are unannotated (62.6% and 42.1%, respectively). 
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Figure 2.4: Normalized miRNA expression level in worker caste versus the 
expression level in soldier caste.  Green dots represent miRNAs up-regulated in 
soldier compared to worker. Red dots represent miRNAs down-regulated in soldier 
compared to worker. Grey dots represent miRNAs without significant expression 
changes between two castes. Fold change ?FX of miRNA X is calculated as ?FX = 
log2(NXS / NXW). NXS is the normalized expression level of miRNA X in the 
soldier dataset, whereas NXW is the normalized expression level of miRNA X in the 
worker dataset.  
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Figure 2.5: Twenty most down-regulated and up-regulated miRNAs in soldier 
caste compared to worker caste (log2 scale). miR-93, with a 5.67 fold expression 
change on log2 scale, is the most up-regulated miRNA in soldier compared to worker. 
miR-6497-5p, with a -6.86 fold difference on log2 scale, is the most down-regulated 
miRNA in soldier compared to worker
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Figure 2.7: Stem loop structure of two novel R. flavipes miRNAs. The predicted 
precursor structures of novel-17 and novel-22 conform to the typical characteristics of 
miRNA precursors: unbifurcated hairpin structure and low folding energy and 
miRNA-miRNA* duplex with 3’ overhangs. Pre-miRNA secondary structure was 
generated by RNAfold webserver (rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi). 
51
?CHAPTER 3: MIRNA VERIFICATION AND REFERENCE GENE 
SELECTION 
3.1 Introduction 
 The quantitative analysis of microRNAs can reveal their function as well as their 
interaction with target genes. Quantitative real time PCR (qRT-PCR) is widely used 
to detect the change of miRNA expression level, and the robustness of qRT-PCR 
largely depends on the invariance of reference genes (RG). The selection of stably 
expressed endogenous genes and use of multiple reference genes (Vandesompele, De 
Preter et al. 2002) are two common means to normalize qRT-PCR data. Appropriate 
normalization strategy should be able to: (1) reduce the technical variation, (2) 
discover the true biological changes, and (3) increase the sensitivity and specificity of 
miRNA expression detection (D’haene, Mestdagh et al. 2012).  
Many pilot experiments have been done to investigate the reliability of various 
miRNAs as reference genes in different tissues (Viprey, Corrias et al. 2012), 
physiological conditions (Song, Bai et al. 2012), and so on. Candidate reference genes 
could be miRNAs, small nuclear RNAs, or small nucleolar RNAs (D’haene, 
Mestdagh et al. 2012). Based on literature, several miRNAs as well as other 
non-coding RNA are commonly selected as reference genes, such as let-7a (Davoren, 
McNeill et al. 2008), miR-16 (Song, Bai et al. 2012), miR-93, miR-103, miR-192, 
miR-451 and RNU6B (D’haene, Mestdagh et al. 2012), etc. 
Several algorithms are used to rank the candidate reference genes to allow 
researchers to access the stability of each tested reference gene, such as geNorm 
(Vandesompele, De Preter et al. 2002), Normfinder (Andersen, Jensen et al. 2004), 
bestkeeper (Pfaffl, Tichopad et al. 2004), and comparative delta-Ct method (Silver, 
52
?Best et al. 2006). Ever since Mestdagh et al. develop the global mean normalization 
method, it is considered as the best method (Mestdagh, Van Vlierberghe et al. 2009). 
When multiple reference genes are employed to normalize the qRT-PCR data, this 
approach resembles the global mean method (D’haene, Mestdagh et al. 2012).  
As discussed in the last chapter, many conserved miRNAs identified from R. 
flavipes libraries are shown to have important developmental roles in other insects. To 
further elucidate the role of miRNA in termite development and the caste transition 
process, accurate quantitative analysis is a critical step to verify computationally 
identified miRNAs and their expression levels. As the first termite miRNA study, the 
objective for this experiment is to optimize the selection of miRNA reference genes in 
caste variation, tissue variation, and the worker-soldier transition process.  
 
3.2 Materials and Methods 
3.2.1 Selection of Reference Gene Candidates  
Some reference gene (RG) candidates are selected from miRNAs or small 
ncRNAs that were used as reference genes in past publications, such as U6, U83A and 
5_8s. The rest of the miRNAs are selected based on the highest abundance in R. 
flavipes small RNA library. 
3.2.2 Insect Sample Preparation  
The R. flavipes colonies were collected from the University of Kentucky 
Arboretum (Lexington, KY, USA). All termites were reared in darkness at 24°C and 
70 ± 5% relative humidity in the laboratory for more than 6 months. For RG selection 
in terms of caste variation, termite workers, soldiers, short-wing nymphs, eggs, larva, 
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?are taken from colonies P1, P4, and P9. For RG selection among different tissues, 
termites from colonies P13, R13, R10 were dissected and tissues of brain, leg, lead, 
thorax, abdomen, foregut, midgut, and hindgut were harvested.  Finally, for RG 
selection in pre-soldier formation, termite workers were taken from colonies P4, P9, 
P13 two weeks before the experiment. The termites were fed with moistened paper 
towels containing 54 ?l of 1?g/?l Juvenile Hormone to induce transition from worker 
to soldier. For every three days, termites yet to become pre-soldier were collected, 
including day 0. The collected samples are frozen in -80 until their total RNA is 
extracted and reverse transcribed into cDNA using miScript II RT Kit (Qiagen),  
3.2.3 Quantitative RT-PCR  
Subsequent qRT-PCR is carried out using miScript SYBR Green PCR Kit 
(Qiagen) with three technical replications. All experiments were done following the 
exact protocol provided the supplier. The required 5’primer was designed by 
removing several bases of mature miRNAs from the 3’ end and add enough Gs at the 
5’ end to increase the melting temperature for mature miRNAs until appropriate 
annealing temperature is reached.  
3.2.4 Reference Gene Selection  
Reference gene candidates were evaluated by integrating results from the most 
popular reference gene selection algorithms: geNorm, Normfinder, BestKeeper, and 
the comparative Ct method (Vandesompele, De Preter et al. 2002, Andersen, Jensen et 
al. 2004, Pfaffl, Tichopad et al. 2004, Silver, Best et al. 2006). Based on the rankings 
from each program, an appropriate weight is assigned to each individual gene by 
calculating the geometric mean of their weights for the overall final ranking.  
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?3.2.5 Expression Verification of Computationally Predicted miRNAs  
A total of eight miRNAs, miR-92b-3p, miR-12-5p_2, let-7-5p, miR-34-5p, 
bantam-3p, mIR-1a-3p, miR-276a-3p and miR-8-3p were amplified by RT-PCR to 
obtain their expression levels. Expression levels of miRNAs obtained by computation 
and by experiments are both logarithmically transformed and plotted against each 
other to check linearity.   
  
3.3 Results & Discussion 
The successful amplification of many miRNA candidates can serve as a 
verification of existence to some extent. As for RG selection, it is shown that miR-8 
and miR-99a are the most stable candidates among a variety of termite castes and 
developmental stages (Figure 3.1); bantam-3p and miR-12-5p are the most stable 
candidates during pre-soldier formation (Figure 3.2); miR-276a-3p and miR-34-5p are 
the most stable candidates among various termite tissues (Figure 3.3). Taken together, 
miRNA stability varies a lot at different research scenarios, and therefore it may be 
critical to optimize the selection of reference genes before conducting qRT-PCR to 
determine the expression level of miRNAs.  
In addition to selecting proper RGs for various experiment scenarios, it is also 
my interest to experimentally verify miRNA expression level predicted by the 
computational pipeline. The accuracy of prediction is verified by plotting expression 
values generated by computational pipeline against expression values generated by 
qRT-PCR with appropriate RGs (Figure 3.4). For any miRNA, if computational and 
experimental method are both perfectly accurate, then the expression values should be 
identical for both methods. Dots that represent multiple miRNAs should be on a 
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?straight line in the plot. On the other hand, departure from the straight line is therefore 
due to errors in RG selection, sample handling and method inaccuracy. The test result 
shows that the dots are generally positioned in a linear trend, and detailed analysis on 
the R-square value of the trend-line showed that the dataset has a 69.34% linearity. 
There are a few miRNAs departed from the trend-line such as miR-12-5p_2 and 
miR-24-5p, which is probably due to the inaccuracy of computational expression 
prediction. To increase accuracy of the prediction, one can add multiple replications 
in small RNA library deep sequencing, where typically 3 replications should suffice. 
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?Figures 
 
Figure 3.1: Gene stability among different termite caste. miR-8 and miR-99a are 
the most stable RG candidates among a variety of termite castes and developmental 
stages. 
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Figure 3.2: Gene stability during pre-soldier formation. bantam-3p and miR-12-5p 
are the most stable RG candidates during pre-soldier formation. 
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Figure 3.3: Gene stability among different termite tissues. miR-276a-3p and 
miR-34-5p are the most stable RG candidates among various termite tissues. 
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Figure 3.4: Comparison of experimental expression with computational 
expression of 8 miRNAs (log2 scale). Dots on the figure are generally positioned in a 
linear trend, R-square value of the trend-line indicated that the dataset has a 69.34% 
linearity. 
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?CHAPTER 4: SYNTHESIS 
 This study is the first miRNA study aimed at determining the role of miRNA in 
termite development and sociality using deep sequencing and computational approach. 
In this study, I successfully constructed a computational pipeline that facilitates the 
process of miRNA identification and expression level comparison from various castes. 
Using this pipeline, I discovered more than 100 conserved and novel miRNAs from 
the dataset. Many identified miRNAs showing high abundance and differential 
expression in the soldier and worker castes were investigated, and their possible roles 
in termite development were discussed. The nature of computational studies makes it 
necessary to confirm the expression and functions of miRNA experimentally. As a 
preparation step, I selected miRNA-specific RGs for three different experimental 
scenarios, namely between-caste comparisons, pre-soldier formation process, and 
between-tissue comparison.  My results showed that each scenarios requires 
different miRNAs as RGs to ensure the accuracy of qRT-PCR results. Finally, I also 
verified the computational results by using 8 miRNAs as representatives and 
compared their computed expression levels with actual qRT-PCR results. 
Computational results and experimental results were generally comparable, where the 
accuracy of computational results can be increased by adding replication and the step 
of deep sequencing.  Due to the limited knowledge in termite miRNA studies, there 
are still a large number of identified miRNAs with unclear function in termites. It will 
take many years to digest the information gained from the small RNA library of 
termites. I hope this study serve as a model for future miRNA studies and kick start 
our journey to reveal the mysterious role of miRNA in termites. 
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?APPENDICES 
1. Perl script used for removal of Rfam hits from the sequencing data: 
#Author: Tian Yu 
#Date: 02/06/2013 
#Description: The script take three input files. “fasta_file.fa” is the read file in fasta 
format, “blast_file.txt” is the output of blastn, and the “rfam_annot_file.txt” is a tab 
delimited file that assign each Rfam identifier with a RNA category. There are two 
outputs of this script. “fasta_file_no_rfam.fa” is a fasta file containing reads without 
irrelevant ncRNA reads. “blast_file_stats.txt” is a tab delimited file with the number 
of reads under each categories of ncRNA. 
#Comments: “rfam_annot_file” should not be changed in anyway, it is supplied with 
the script. 
 
#!/usr/bin/perl 
 
my $fasta_file = "worker"; 
my $blast_file = "worker_rfam_2"; 
my $rfam_annot_file = "rfam_annotation_list.txt"; 
 
open IN, "<", $fasta_file . "_collapsed.fa" or die; 
open IN_2, "<", $blast_file . ".blastn" or die; 
open IN_3, "<", $rfam_annot_file or die; 
open OUT, ">", $fasta_file . "_no_rfam.fa" or die; 
open OUT_2, ">", $blast_file . "_stats.txt" or die; 
 
while (<IN>) 
{ 
 if ($_ =~ />([^ ]+)_x([\d]+)/) 
 { 
  my $rd = $1; 
  my $ct = $2; 
  my $seq = <IN>; 
  $hash_ct{$rd} = $ct; 
  $hash_seq{$rd} = $seq; 
  $total_ct += $ct; 
 } 
} 
 
while (<IN_2>) 
{ 
 if ($_ =~ /^([^\t]+)\t([^\t]+)/) 
 { 
  my $rd = $1; 
  my $rfam = $2; 
  $hash_rfam{$rd} = $rfam; 
 } 
} 
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?while (<IN_3>) 
{ 
 if ($_ =~ /^([^\t]+)\t([^\t]+)\n/) 
 { 
  my $rfam = $1; 
  my $group = $2; 
  $hash_annot{$rfam} = $group; 
 } 
} 
 
foreach my $rd (keys %hash_ct) 
{ 
 if (exists $hash_rfam{$rd}) 
 { 
  if ($hash_rfam{$rd} =~ /(RF[\d]+)/) 
  { 
   my $rfam = $1; 
   if (exists $hash_annot{$rfam}) 
   { 
    my $group = $hash_annot{$rfam}; 
    if ($group eq "miRNA") 
    { 
     print OUT ">" . $rd . "_x" . $hash_ct{$rd} . "\n"; 
     print OUT $hash_seq{$rd}; 
    } 
    else 
    { 
     $hash_dist{$group} += $hash_ct{$rd}; 
    } 
   } 
   else 
   { 
    $hash_dist{"other"} += $hash_ct{$rd}; 
   } 
  } 
 } 
 else 
 { 
  print OUT ">" . $rd . " " . $hash_ct{$rd} . "\n"; 
  print OUT $hash_seq{$rd}; 
 } 
} 
  
foreach my $group (sort keys %hash_dist) 
{ 
 print OUT_2 $group . "\t" . $hash_dist{$group} . "\n"; 
} 
 
print OUT_2 "total read\t" . $total_ct . "\n"; 
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2. Perl script used for generating consensus miRNA sequences and copy 
numbers: 
#Author: Tian Yu 
#Date: 02/06/2013 
#Description: The script take one input file. “align_file” is the output of bowtie 2. The 
“out_file” is a tab delimited file containing generated consensus sequences and 
corresponding copy numbers.  
 
#!/usr/bin/perl 
 
$align_file = "ws_combined_miRBase.mrd"; 
$out_file = "ws_combined_noWeight.allspp"; 
 
sub determine_mature_seq 
{ 
 my $ref_str = shift; 
 my $params_ct = shift; 
    my %hash_ct = %$params_ct; 
 my $params_str = shift; 
    my %hash_str = %$params_str; 
 my $len = length ($ref_str); 
 my $final_str = ""; 
 my $mature = ""; 
 
 foreach my $pos (1 .. $len) 
 {  
  my %hash = (); 
  foreach my $read_id (keys %hash_str) 
  { 
   my $str = $hash_str{$read_id}; 
   my $n = substr $str, ($pos-1), 1; 
   $hash{$n} += $hash_ct{$read_id}; 
  } 
   
  my $best_n = ""; 
  my $max_freq = 0; 
  foreach my $n (keys %hash) 
  { 
   if ($hash{$n} > $max_freq) 
   { 
    $best_n = $n; 
    $max_freq = $hash{$n}; 
   } 
  } 
  $final_str .= $best_n; 
 } 
  
 if ($final_str =~ /([^.]+)/) 
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? { 
  $mature = $1; 
 } 
  
 return $mature; 
}  
 
 
sub find_avg_pos 
{ 
 my $str = shift; 
 my $a = shift; 
  
 my $pre = ""; 
 my $post = ""; 
 
 ($pre, $post) = split /[$a]+/, $str; 
  
 my $str_len = length $str; 
 my $pre_len = length $pre; 
 my $post_len = length $post; 
 my $sub_len = $str_len - $pre_len - $post_len; 
 return $avg_pos; 
} 
 
 
open IN, "<", $align_file or die; 
open OUT, ">", $out_file or die; 
 
while ($line = <IN>) 
{ 
 #if ($line =~ />(aae|ame|bmo|dme|tca)-/) 
 if ($line =~ />/) 
 { 
  my %hash_mature = (); 
  print "working on " . $line; 
  $line = <IN>; 
   
  while ($line = <IN>) 
  { 
   if ($line =~ /remaining read count/) 
   { 
    last; 
   } 
   else 
   { 
    if ($line =~ /([^ ]+) read count[ ]+([^ ]+)\n/) 
    { 
     my $id = $1; 
     my $ct = $2; 
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     if ($ct > 0) 
     { 
      $hash_mature{$id} = $ct; 
     } 
    } 
   }  
  } 
   
  $line = <IN>; 
  if ($line =~ /exp[ ]+([^ ]+)\n/) 
  { 
   my $exp_str = $1; 
 
   my $pos_5 = 0; 
   my $pos_3 = 0; 
   my $pos_m = 0; 
    
   foreach my $id (keys %hash_mature) 
   { 
    if ($id =~ /-5p/) 
    { 
     $pos_5 = find_avg_pos($exp_str, "5"); 
     #print "pos_5: " . $pos_5 . "\n"; 
    } 
    elsif ($id =~ /-3p/) 
    { 
     $pos_3 = find_avg_pos($exp_str, "3"); 
     #print "pos_3: " . $pos_3 . "\n"; 
    } 
    else 
    { 
     $pos_m = find_avg_pos($exp_str, "M"); 
     #print "pos_m: " . $pos_m . "\n"; 
    } 
   } 
   #<STDIN>; 
   <IN>; 
   <IN>; 
    
   my %hash_5_ct = (); 
   my %hash_5_str = (); 
   my %hash_3_ct = (); 
   my %hash_3_str = (); 
   my %hash_M_ct = (); 
   my %hash_M_str = (); 
    
   while ($line = <IN>) 
   { 
    if ($line =~ /^([^ ]+_x([\d]+))[ ]+([^ ]+)\t([\d]+)/) 
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?    { 
     my $read_id = $1; 
     my $read_ct = $2; 
     my $seq_str = $3; 
      
     #print "seq: " . $seq_str . "\n"; 
      
     $seq_str =~ s/a/A/g; 
     $seq_str =~ s/g/G/g; 
     $seq_str =~ s/u/U/g; 
     $seq_str =~ s/c/C/g; 
      
     if ($pos_5 > 0) 
     { 
      my $s = substr $seq_str, ($pos_5-1), 1; 
      #print "s: " . $s . "\n"; 
      if ($s ne ".") 
      { 
       #print "assign 5\n"; 
       $hash_5_ct{$read_id} = $read_ct; 
       $hash_5_str{$read_id} = $seq_str; 
      } 
     } 
      
     if ($pos_3 > 0) 
     { 
      my $s = substr $seq_str, ($pos_3-1), 1; 
      #print "s: " . $s . "\n"; 
      if ($s ne ".") 
      { 
       #print "assign 3\n"; 
       $hash_3_ct{$read_id} = $read_ct; 
       $hash_3_str{$read_id} = $seq_str; 
      } 
     } 
      
     if ($pos_m > 0) 
     { 
      my $s = substr $seq_str, ($pos_m-1), 1; 
      #print "s: " . $s . "\n"; 
      if ($s ne ".") 
      { 
       #print "assign M\n"; 
       $hash_M_ct{$read_id} = $read_ct; 
       $hash_M_str{$read_id} = $seq_str; 
      } 
     } 
     #<STDIN>; 
    } 
    else 
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?    { 
     last; 
    } 
   } 
    
   my $mature_5 = "-"; 
   my $mature_3 = "-"; 
   my $mature_M = "-"; 
    
   if (%hash_5_str != ()) 
   { 
    $mature_5 = determine_mature_seq($exp_str, \%hash_5_ct, 
\%hash_5_str); 
    print "mature 5: " . $mature_5 . "\n" 
   } 
    
   if (%hash_3_str != ()) 
   { 
    $mature_3 = determine_mature_seq($exp_str, \%hash_3_ct, 
\%hash_3_str); 
    print "mature 3: " . $mature_3 . "\n" 
   } 
    
   if (%hash_M_str != ()) 
   { 
    $mature_M = determine_mature_seq($exp_str, \%hash_M_ct, 
\%hash_M_str); 
    print "mature M: " . $mature_M . "\n" 
   } 
    
   #<STDIN>; 
    
   foreach my $mature_id (sort keys %hash_mature) 
   { 
    if ($mature_id =~ /-3p/) 
    { 
     print OUT $mature_id . "\t" . $hash_mature{$mature_id} . "\t" . 
$mature_3 . "\n"; 
    } 
    elsif ($mature_id =~ /-5p/) 
    { 
     print OUT $mature_id . "\t" . $hash_mature{$mature_id} . "\t" . 
$mature_5 . "\n"; 
    } 
    else 
    { 
     print OUT $mature_id . "\t" . $hash_mature{$mature_id} . "\t" . 
$mature_M . "\n"; 
    } 
   } 
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?  } 
 } 
} 
      
      
3. Script for generating scatter plot using R: 
#Author: Tian Yu 
#Date: 02/06/2013 
#Description: The script take one input file. “known_miRNA_ct.csv” is a tab 
delimited file with the copy number of each identified miRNA in soldier and worker 
at every line. The output of this script is a scatter plot showing the regulation status of 
each miRNA. 
 
miRNA_ct <- read.csv("known_miRNA_ct.csv", header=T, row.names=1); 
print(miRNA_ct); 
 
miRNA_exp <- matrix(0, dim(miRNA_ct)[1], dim(miRNA_ct)[2]); 
miRNA_exp[,1] = miRNA_ct[,1]/3532779*1000000; 
miRNA_exp[,2] = miRNA_ct[,2]/4789586*1000000; 
print(miRNA_exp); 
 
index <- which((miRNA_exp[,1] >= 1) & (miRNA_exp[,2] >= 1)); 
miRNA_exp2 = miRNA_exp[index,]; 
 
miRNA_fold = log2(miRNA_exp[index,1]/miRNA_exp[index,2]); 
ind_up <- which(miRNA_fold >= 1); 
ind_down <- which(miRNA_fold <= -1); 
ind_equal <- which((miRNA_fold > -1) & (miRNA_fold < 1)); 
 
up13<-miRNA_exp2[ind_up,2]; 
up72<-miRNA_exp2[ind_up,1]; 
down13<-miRNA_exp2[ind_down,2]; 
down72<-miRNA_exp2[ind_down,1]; 
equal13<-miRNA_exp2[,2]; 
equal72<-miRNA_exp2[,1]; 
 
#pdf("C:\\scatterplot_all.pdf"); 
range13 <- range(0, up13, equal13, down13); 
range72 <- range(0, up72, equal72, down72); 
 
pch_size = 19 
 
plot(equal13,equal72, log="xy", main="Soldier/Worker Expression", 
col=rgb(30,30,30,150,maxColorValue=255), pch=pch_size, xlab="Normalized 
miRNA Expression in Worker Caste", ylab="Normalized miRNA Expression in 
Soldier Caste", xlim=c(1,100000), ylim=c(1,100000), axes=F); 
points(up13, up72, col=rgb(0,255,0,150,maxColorValue=255), pch=pch_size); 
points(down13, down72, col=rgb(255,0,0,150,maxColorValue=255), pch=pch_size); 
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?axis(1, at=c(0.1, 1, 10, 100, 1000, 10000, 100000)) 
axis(2, at=c(0.1, 1, 10, 100, 1000, 10000, 100000)) 
abline(v=c(0.1, 1, 10, 100, 1000, 10000, 100000), lty=3) 
abline(h=c(0.1, 1, 10, 100, 1000, 10000, 100000), lty=3) 
 
#dev.off();    
      
  
70
?REFERENCES 
Abe, T., et al. (2000). Termites: evolution, sociality, symbioses, ecology, Springer. 
Ambros, V. (2011). "MicroRNAs and developmental timing." Current opinion in 
genetics & development 21(4): 511-517. 
Andersen, C. L., et al. (2004). "Normalization of real-time quantitative reverse 
transcription-PCR data: a model-based variance estimation approach to identify 
genes suited for normalization, applied to bladder and colon cancer data sets." 
Cancer research 64(15): 5245-5250. 
Aravin, A. A., et al. (2003). "The Small RNA Profile during Drosophila melanogaster 
Development." Developmental cell 5(2): 337-350. 
Asgari, S. (2013). "MicroRNA functions in insects." Insect biochemistry and 
molecular biology 43(4): 388-397. 
Bartel, D. P. (2004). "MicroRNAs: genomics, biogenesis, mechanism, and function." 
cell 116(2): 281-297. 
Bartel, D. P. (2009). "MicroRNAs: target recognition and regulatory functions." cell 
136(2): 215-233. 
Becam, I., et al. (2011). "Notch-mediated repression of bantam miRNA contributes 
to boundary formation in the Drosophila wing." Development 138(17): 3781-3789. 
Behura, S. and C. Whitfield (2010). "Correlated expression patterns of microRNA 
genes with age?dependent behavioural changes in honeybee." Insect molecular 
biology 19(4): 431-439. 
Behura, S. K. (2007). "Insect microRNAs: Structure, function and evolution." Insect 
biochemistry and molecular biology 37(1): 3-9. 
Behura, S. K., et al. (2011). "Global cross-talk of genes of the mosquito Aedes 
aegypti in response to dengue virus infection." PLoS neglected tropical diseases 
5(11): e1385. 
Biryukova, I., et al. (2009). "Drosophila mir-9a regulates wing development via 
fine-tuning expression of the LIM only factor, dLMO." Developmental biology 327(2): 
487-496.
Bracht, J., et al. (2004). "Trans-splicing and polyadenylation of let-7 microRNA 
primary transcripts." Rna 10(10): 1586-1594. 
Brodersen, P. and O. Voinnet (2009). "Revisiting the principles of microRNA target 
recognition and mode of action." Nature Reviews Molecular Cell Biology 10(2): 
141-148.
Cai, Y., et al. (2010). "Novel microRNAs in silkworm (Bombyx mori)." Functional & 
integrative genomics 10(3): 405-415. 
Caygill, E. E. and L. A. Johnston (2008). "Temporal Regulation of Metamorphic 
Processes in Drosophila by the let-7 and miR-125 Heterochronic MicroRNAs." 
Current Biology 18(13): 943-950. 
71
?Chalfie, M., et al. (1981). "Mutations that lead to reiterations in the cell lineages of 
C. elegans." cell 24(1): 59-69. 
Chawla, G. and N. S. Sokol (2011). "MicroRNAs in Drosophila development." Int Rev 
Cell Mol Biol 286: 1-65. 
Choi, I. K. and S. Hyun (2012). "Conserved microRNA miR-8 in fat body regulates 
innate immune homeostasis in Drosophila." Developmental & Comparative 
Immunology 37(1): 50-54. 
Cristino, A. S., et al. (2011). "Deep sequencing of organ-and stage-specific 
microRNAs in the evolutionarily basal insect Blattella germanica (L.)(Dictyoptera, 
Blattellidae)." PloS one 6(4): e19350. 
D’haene, B., et al. (2012). miRNA expression profiling: from reference genes to 
global mean normalization. Next-Generation MicroRNA Expression Profiling 
Technology, Springer: 261-272.
Davoren, P. A., et al. (2008). "Identification of suitable endogenous control genes 
for microRNA gene expression analysis in human breast cancer." BMC molecular 
biology 9(1): 76. 
Didiano, D. and O. Hobert (2006). "Perfect seed pairing is not a generally reliable 
predictor for miRNA-target interactions." Nature structural & molecular biology 
13(9): 849-851. 
Enright, A. J., et al. (2004). "MicroRNA targets in Drosophila." Genome biology 5(1):
R1-R1.
Erdmann, V. A., et al. (2000). "Non-coding, mRNA-like RNAs database Y2K." Nucleic 
acids research 28(1): 197-200. 
Evans, J. D. and D. E. Wheeler (1999). "Differential gene expression between 
developing queens and workers in the honey bee, Apis mellifera." Proceedings of the 
National Academy of Sciences 96(10): 5575-5580. 
Ferguson, E. L., et al. (1987). "A genetic pathway for the specification of the vulval 
cell lineages of Caenorhabditis elegans." Nature 326(6110): 259-267. 
Filipowicz, W., et al. (2008). "Mechanisms of post-transcriptional regulation by 
microRNAs: are the answers in sight?" Nature Reviews Genetics 9(2): 102-114. 
Friedländer, M. R., et al. (2012). "miRDeep2 accurately identifies known and 
hundreds of novel microRNA genes in seven animal clades." Nucleic acids research 
40(1): 37-52. 
Gardner, P. P., et al. (2009). "Rfam: updates to the RNA families database." Nucleic 
acids research 37(suppl 1): D136-D140. 
Griffiths-Jones, S. (2006). miRBase: the microRNA sequence database. MicroRNA 
Protocols, Springer: 129-138.
Griffiths-Jones, S., et al. (2003). "Rfam: an RNA family database." Nucleic acids 
research 31(1): 439-441. 
Guo, Q., et al. (2013). "Characterization and Comparative Profiling of miRNAs in 
Invasive Bemisia tabaci (Gennadius) B and Q." PloS one 8(3): e59884. 
72
?Hüttenhofer, A., et al. (2005). "Non-coding RNAs: hope or hype?" TRENDS in 
Genetics 21(5): 289-297. 
Han, J., et al. (2004). "The Drosha-DGCR8 complex in primary microRNA 
processing." Genes & development 18(24): 3016-3027. 
Hofacker, I. L., et al. (1994). "Fast folding and comparison of RNA secondary 
structures." Monatshefte für Chemie/Chemical Monthly 125(2): 167-188. 
Hussain, M., et al. (2012). "West Nile virus encodes a microRNA-like small RNA in 
the 3? untranslated region which up-regulates GATA4 mRNA and facilitates virus 
replication in mosquito cells." Nucleic acids research 40(5): 2210-2223. 
Karres, J. S., et al. (2007). "The conserved microRNA miR-8 tunes atrophin levels to 
prevent neurodegeneration in Drosophila." Cell 131(1): 136-145. 
Khurana, J. S. and W. Theurkauf (2010). "piRNAs, transposon silencing, and 
Drosophila germline development." The Journal of cell biology 191(5): 905-913. 
Kim, V. N. and J.-W. Nam (2006). "Genomics of microRNA." TRENDS in Genetics 
22(3): 165-173. 
Klattenhoff, C. and W. Theurkauf (2008). "Biogenesis and germline functions of 
piRNAs." Development 135(1): 3-9. 
Kozomara, A. and S. Griffiths-Jones (2011). "miRBase: integrating microRNA 
annotation and deep-sequencing data." Nucleic acids research 39(suppl 1): 
D152-D157. 
Langmead, B. and S. L. Salzberg (2012). "Fast gapped-read alignment with Bowtie 
2." Nature methods 9(4): 357-359. 
Langmead, B., et al. (2009). "Ultrafast and memory-efficient alignment of short 
DNA sequences to the human genome." Genome Biol 10(3): R25. 
Lee, R., et al. (2004). "A short history of a short RNA." cell 116: S89-S92. 
Lee, R. C., et al. (1993). "The C. elegans heterochronic gene lin-4 encodes small 
RNAs with antisense complementarity to lin-14." cell 75(5): 843-854. 
Lewis, B. P., et al. (2003). "Prediction of mammalian microRNA targets." cell 115(7): 
787-798.
Lim, L. P., et al. (2003). "The microRNAs of Caenorhabditis elegans." Genes & 
development 17(8): 991-1008. 
Lingel, A. and M. Sattler (2005). "Novel modes of protein–RNA recognition in the 
RNAi pathway." Current opinion in structural biology 15(1): 107-115. 
Liu, F., et al. (2012). "Next?generation small RNA sequencing for microRNAs 
profiling in Apis mellifera: comparison between nurses and foragers." Insect 
molecular biology 21(3): 297-303. 
Liu, N., et al. (2012). "The microRNA miR-34 modulates ageing and 
neurodegeneration in Drosophila." Nature 482(7386): 519-523. 
73
?Mackowiak, S. D. (2011). "Identification of Novel and Known miRNAs in Deep?
Sequencing Data with miRDeep2." Current Protocols in Bioinformatics: 12.10. 
11-12.10. 15. 
Mandal, M. and R. R. Breaker (2004). "Gene regulation by riboswitches." Nature 
Reviews Molecular Cell Biology 5(6): 451-463. 
Mattick, J. S. and I. V. Makunin (2005). "Small regulatory RNAs in mammals." 
Human Molecular Genetics 14(suppl 1): R121-R132. 
Mestdagh, P., et al. (2009). "A novel and universal method for microRNA RT-qPCR 
data normalization." Genome Biol 10(6): R64. 
Miura, T. (2001). "Morphogenesis and gene expression in the soldier-caste 
differentiation of termites." Insectes sociaux 48(3): 216-223. 
Naqvi, A. R., et al. (2012). "Biogenesis, functions and fate of plant microRNAs." 
Journal of cellular physiology 227(9): 3163-3168. 
Nguyen, H. T. and M. Frasch (2006). "MicroRNAs in muscle differentiation: lessons 
from Drosophila and beyond." Current opinion in genetics & development 16(5): 
533-539.
O'Donnell, K. A., et al. (2005). "c-Myc-regulated microRNAs modulate E2F1 
expression." Nature 435(7043): 839-843. 
Okamura, K., et al. (2007). "The Mirtron Pathway Generates microRNA-Class 
Regulatory RNAs in Drosophila." cell 130(1): 89-100. 
Okamura, K., et al. (2008). "The regulatory activity of microRNA* species has 
substantial influence on microRNA and 3? UTR evolution." Nature structural & 
molecular biology 15(4): 354-363. 
Pasquinelli, A. E., et al. (2000). "Conservation of the sequence and temporal 
expression of let-7 heterochronic regulatory RNA." Nature 408(6808): 86-89. 
Pavlopoulos, A. and M. Akam (2011). "Hox gene Ultrabithorax regulates distinct sets 
of target genes at successive stages of Drosophila haltere morphogenesis." 
Proceedings of the National Academy of Sciences 108(7): 2855-2860. 
Pfaffl, M. W., et al. (2004). "Determination of stable housekeeping genes, 
differentially regulated target genes and sample integrity: BestKeeper–Excel-based 
tool using pair-wise correlations." Biotechnology letters 26(6): 509-515. 
Qian, L., et al. (2011). "Tinman/Nkx2-5 acts via miR-1 and upstream of Cdc42 to 
regulate heart function across species." The Journal of cell biology 193(7): 
1181-1196.
Reinhart, B. J., et al. (2000). "The 21-nucleotide let-7 RNA regulates developmental 
timing in Caenorhabditis elegans." Nature 403(6772): 901-906. 
Rigoutsos, I. (2009). "New tricks for animal microRNAS: targeting of amino acid 
coding regions at conserved and nonconserved sites." Cancer research 69(8): 
3245-3248.
74
?Rodriguez, A., et al. (2004). "Identification of mammalian microRNA host genes and 
transcription units." Genome research 14(10a): 1902-1910. 
Ronshaugen, M., et al. (2005). "The Drosophila microRNA iab-4 causes a dominant 
homeotic transformation of halteres to wings." Genes & development 19(24): 
2947-2952.
Scharf, M. E., et al. (2003). "Caste-and development-associated gene expression in 
a lower termite." Genome Biol 4(10): 11. 
Shin, C., et al. (2010). "Expanding the microRNA targeting code: functional sites 
with centered pairing." Molecular cell 38(6): 789-802. 
Silver, N., et al. (2006). "Selection of housekeeping genes for gene expression 
studies in human reticulocytes using real-time PCR." BMC molecular biology 7(1): 
33.
Skalsky, R. L., et al. (2010). "Identification of microRNAs expressed in two mosquito 
vectors, Aedes albopictus and Culex quinquefasciatus." BMC Genomics 11(1): 119. 
Sleutels, F., et al. (2002). "The non-coding Air RNA is required for silencing 
autosomal imprinted genes." Nature 415(6873): 810-813. 
Song, J., et al. (2012). "Identification of suitable reference genes for qPCR analysis 
of serum microRNA in gastric cancer patients." Digestive diseases and sciences 
57(4): 897-904. 
Soukup, J. K. and G. A. Soukup (2004). "Riboswitches exert genetic control through 
metabolite-induced conformational change." Current opinion in structural biology 
14(3): 344-349. 
Stark, A., et al. (2003). "Identification of Drosophila microRNA targets." PLoS 
biology 1(3): e60. 
Storz, G. (2002). "An expanding universe of noncoding RNAs." Science 296(5571): 
1260-1263.
Thorne, B. L. (1997). "Evolution of eusociality in termites." Annual Review of 
Ecology and Systematics 28(1): 27-54. 
Vandesompele, J., et al. (2002). "Accurate normalization of real-time quantitative 
RT-PCR data by geometric averaging of multiple internal control genes." Genome 
biology 3(7): research0034. 
Viprey, V. F., et al. (2012). "Identification of reference microRNAs and suitability of 
archived hemopoietic samples for robust microRNA expression profiling." Analytical 
biochemistry 421(2): 566-572. 
Wightman, B., et al. (1993). "Posttranscriptional regulation of the heterochronic 
gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans." cell 75(5): 
855-862.
Xu, P., et al. (2004). "MicroRNAs and the regulation of cell death." TRENDS in 
Genetics 20(12): 617-624. 
Yamashita, A., et al. (1998). "RNA-assisted nuclear transport of the meiotic 
regulator Mei2p in fission yeast." cell 95(1): 115-123. 
75
?Yang, Y., et al. (2009). "The bantam microRNA is associated with drosophila fragile 
X mental retardation protein and regulates the fate of germline stem cells." PLoS 
genetics 5(4): e1000444. 
Yu, X., et al. (2008). "The silkworm (Bombyx mori) microRNAs and their 
expressions in multiple developmental stages." PloS one 3(8): e2997. 
Zeng, Y., et al. (2005). "Recognition and cleavage of primary microRNA precursors 
by the nuclear processing enzyme Drosha." The EMBO journal 24(1): 138-148. 
Zhang, B., et al. (2007). "microRNAs as oncogenes and tumor suppressors." 
Developmental biology 302(1): 1-12. 
 
  
76
?VITA 
Tian Yu 
 
EDUCATION
Sep. 2007 - Jul. 2011, Hong Kong University of Science and Technology, Hong 
Kong, China 
? Degree: Bachelor of Science (Biochemistry), Second Class Honor, 
Division I. 
 
RESEARCH EXPERIENCES 
Aug. 2011 – present, Research Assistant, Dept. of Entomology, Univ. of 
Kentucky 
Project I Computational identification of microRNAs from insect small RNA deep 
sequencing data  
? Established a computational pipeline to detect known and novel miRNAs 
from deep sequencing data, and constructed the miRNA expression profile. 
This pipeline was applied to identify miRNAs in the European corn borer, 
Ostrinia nubilalis and the Eastern Subterranean Termite, Reticulitermes 
flavipes. 
? Identified differentially expressed miRNAs between Bt-resistant and 
susceptible O. nubilalis strains. Subsequent miRNA target prediction on 
genes involved in Bt-resistance explored the possibility of 
miRNA-mediated Bt-resistance. 
? Compared the miRNA expression profile of various castes and 
developmental stages of R. flavipes. Screened miRNA-specific reference 
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?genes for quantitative RT-PCR (qRT-PCR) analysis, and validated 
computationally detected mature and precursor miRNAs by qRT-PCR. 
Differentially expressed miRNAs targeting hexamerin, a gene critical to 
worker-soldier transformation, were selected for the follow-up RNAi 
bioassay.  
Project II Study on the molecular basis of foraging behavior of Eastern 
Subterranean Termite
? Designed behavioral bioassay to quantify termite foraging activity with 
regard to food abundance and travel distance. Higher foraging activity in 
dsRNA knockdown groups indicated a negative correlation between 
foraging intensity and the expression level of foraging gene in R. flavipes.  
Project III Development of PCR-based species identification method for sand flies 
(Diptera: Psychodidae)  
? Developed and validated a species discrimination method based on 
Polymerase Chain Reaction - Restriction Fragment Length Polymorphism 
(PCR-RFLP) to distinguish two species of sand flies indigenous to eastern 
North America from two exotic species.  
? Designed species-specific primer sets for the rapid detection of the 
pathogenic sand fly species, Phlebotomus papatasi. 
Jul. 2013 - Aug. 2013, Graduate Student, Virginia Bioinformatics Institute 
 Project IV Development of centroid-based compression pipeline for 
next-generation raw sequencing data. 
? Improved the existing reference-based model with the centroid-based 
model where a reference genome is no longer required for compression. 
Further enhanced the performance of pipeline by replacing Huffman 
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?coding algorithm with the more efficient arithmetic coding algorithm.  
? Evaluated the performance of the centroid-based compression pipeline 
with regard to compression ratio and time consumption. 
Jun. 2010 - Aug. 2010, Summer Internship, Dept. of Entomology, Univ. of 
Kentucky 
 Project V Brain transcriptomic analysis of eusocial termites and subsocial 
wood-feeding cockroach. 
? Functionally annotated the brain transcriptomic datasets for three termite 
and one woodroach species via BLAST, InterProScan, and BLAST2GO. 
? Identified genes associated with foraging, learning and memory, 
aggression and mating behaviors according to gene ontology assignment in 
all four species. 
 Project VI Eukaryotic symbiont recovery in Eastern Subterranean Termite. 
? Quantitatively monitored the temporal recovery rate of symbiotic 
protozoans at different defaunation levels after exposing termites under 
UV irradiation, and evaluated the potential fitness costs associated with 
the recovery time. 
 
KEY SKILLS 
? Proficient in a variety of programming languages including Perl, Python 
and C++. 
? Confident in developing and deploying projects on 
supercomputer-platform. 
? Skilled in molecular biology laboratory techniques including DNA/RNA 
extraction, qRT-PCR, PCR-RFLP and gel electrophoresis. 
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?? Experienced in conducting dsRNA knockdown bioassay, dsRNA 
micro-injection and insect dissection. 
? Proficient in statistical analysis for biological experiments using R and 
SAS. 
 
RESEARCH ACHIEVEMENTS 
Publications 
? Yu T., Li X., Siegfried B., Zhou X. Profiling microRNA expression in 
Bt-resistant and susceptible European corn borer, Ostrinia nubilalis 
(Hübner). (to be submitted) 
? Yu T., Li X., Li C., Zhou X. Computational identification of miRNAs from 
various castes and developmental stages of eastern subterranean termites, 
Reticulitermes flavipes. (to be submitted) 
? Yang X., Liu X., Xu X., Li Z., Li Y., Song D., Yu T., Zhu F., Zhang Q., Zhou 
X. Gene expression profiling in sedentary and migratory morphs of cotton 
aphids, Aphis gossypii (Hemiptera: Aphididae) International Journal of 
Biological Sciences. (accepted) 
? Minter L. M., Yu T., Florin D. A., Nukmal N., Brown G. C., Zhou X. 
Molecular identification of sand flies (Diptera: Psychodidae) in eastern 
North America using PCR-RFLP. J Med Entomol. 2013 Jul;50(4):920-4. 
 
Conference Posters 
? Yu T., Li X., Tian L., Zhou X. Eukaryotic Symbiont Recovery in Termites. 
Entomological Society of America (ESA) Annual Meeting 2010. 
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?? Li X., Yu T., Pei L., Zhou X. Brain Transcriptomic Analysis in Eusocial 
Termites and Subsocial Wood-feeding Cockroach. Entomological Society 
of America (ESA) Annual Meeting 2010. 
? Song D., Yang X., Yu T., Zhou X. Cloning and Characterization of 
cGMP-dependent Protein Kinase in a Lower Termite, Reticulitermes 
flavipes. Entomological Society of America (ESA) Annual Meeting 2013. 
 
EXTRACURRICULAR ACTIVITIES  
Nov. 2013 Presented on miRNA identification in Entomological Society 
of America (ESA) Annual meeting as student speaker. 
Oct. 2009 Participated in the HKUST Hang Seng Green Ambassador 
Program by reporting the e-waste status quo in China.  
Jan. 2009 Participated in the University Presidential Inauguration 
Ceremony (UPIC) in Washington DC, USA. 
Mar. 2008 Participated in the Elderly Visit Program promoted by the 
Hong Kong Family Welfare Society (HKFS). 
Jul. 2007 Participate in the Global Young Leaders Conference (GYLC) 
in the US. 
 
HONORS AND AWARDS 
2013 Membership to the Honor Society of Phi Kappa Phi, University 
of Kentucky chapter 
2010-2013 Membership to Entomological Society of America 
2007-2011 Full scholarship awarded by Hong Kong University of Science 
and Technology 
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?2007 American Mathematics Competitions – Certificate of 
Distinction 
Mar. 2007 19th Beijing High School Student English Contest – 
Commendatory Award 
2005  Beijing High School Student Mathematics Contest – Second 
Prize 
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